The tumor suppressor wild-type p53 can induce apoptosis. M1-tp53 myeloid leukemic cells have a temperature-sensitive p53 protein that changes its conformation to wild-type p53 after transfer from 37°C to 32°C. We have now found that these cells showed an early lysosomal rupture after transfer to 32°C. Mitochondrial damage, including decreased membrane potential and release of cytochrome c, and the appearance of apoptotic cells occurred later. Lysosomal rupture, mitochondrial damage, and apoptosis were all inhibited by the cytokine IL-6. Some other compounds can also inhibit apoptosis induced by p53. The protease inhibitor N-tosyl-L-phenylalanine chloromethyl ketone inhibited the decrease in mitochondrial membrane potential and cytochrome c release, the Ca 2؉ -ATPase inhibitor thapsigargin inhibited only cytochrome c release, and the antioxidant butylated hydroxyanisole inhibited only the decrease in mitochondrial membrane potential. In contrast to IL-6, these other compounds that inhibited some of the later occurring mitochondrial damage did not inhibit the earlier p53-induced lysosomal damage. The results indicate that apoptosis is induced by p53 through a lysosomal-mitochondrial pathway that is initiated by lysosomal destabilization, and that this pathway can be dissected by using different apoptosis inhibitors. These findings on the induction of p53-induced lysosomal destabilization can also help to formulate new therapies for diseases with apoptotic disorders.
The tumor suppressor wild-type p53 can induce apoptosis. M1-tp53 myeloid leukemic cells have a temperature-sensitive p53 protein that changes its conformation to wild-type p53 after transfer from 37°C to 32°C. We have now found that these cells showed an early lysosomal rupture after transfer to 32°C. Mitochondrial damage, including decreased membrane potential and release of cytochrome c, and the appearance of apoptotic cells occurred later. Lysosomal rupture, mitochondrial damage, and apoptosis were all inhibited by the cytokine IL-6. Some other compounds can also inhibit apoptosis induced by p53. The protease inhibitor N-tosyl-L-phenylalanine chloromethyl ketone inhibited the decrease in mitochondrial membrane potential and cytochrome c release, the Ca 2؉ -ATPase inhibitor thapsigargin inhibited only cytochrome c release, and the antioxidant butylated hydroxyanisole inhibited only the decrease in mitochondrial membrane potential. In contrast to IL-6, these other compounds that inhibited some of the later occurring mitochondrial damage did not inhibit the earlier p53-induced lysosomal damage. The results indicate that apoptosis is induced by p53 through a lysosomal-mitochondrial pathway that is initiated by lysosomal destabilization, and that this pathway can be dissected by using different apoptosis inhibitors. These findings on the induction of p53-induced lysosomal destabilization can also help to formulate new therapies for diseases with apoptotic disorders.
A poptosis is an active form of cell death that plays an essential role in development and survival by eliminating damaged or otherwise unwanted cells (reviewed in refs. [1] [2] [3] [4] . Impaired regulation of apoptosis leads to a variety of pathological conditions, such as neurodegeneration, autoimmunity, chronic inflammation, AIDS, and cancer (reviewed in refs. [4] [5] [6] [7] . The tumor suppressor wild-type p53 guards against proliferation of damaged cells either by inhibiting cell division and facilitating DNA repair (reviewed in refs. 8 and 9) or by inducing apoptosis (2, (10) (11) (12) (13) . Many genes are transcriptionally activated or repressed by p53 (14) (15) (16) (17) , including activation of proapoptotic genes (16, (18) (19) (20) (21) (22) (23) (24) and repression of antiapoptotic genes (25, 26) . Apoptosis-inducing signals cause translocation of proapoptotic proteins of the Bcl-2 family from the cytoplasm to the outer mitochondrial membrane, and facilitate the release of some components including cytochrome c from mitochondria into the cytosol (27) (28) (29) . Once released, cytochrome c binds to Apaf-1 and pro-caspase 9, resulting in proteolytic activation of caspase-9. This result leads to proteolytic activation of downstream caspases, including caspase 3, that degrade a variety of cellular proteins and bring about destruction of the cell (27) (28) (29) . The anti-apoptotic Bcl-2 family proteins interfere with this release of cytochrome c and thus with caspase activation (27) (28) (29) . The balance between expression of apoptosis-inducing vs. apoptosis-suppressing genes can be changed by the tumor suppressor wild-type p53 in favor of apoptosis-inducing genes, and this result can explain the ability of wild-type p53 to induce apoptosis (18, 30) .
Recent studies from our laboratory and others have shown that lysosomal rupture is an early event when apoptosis is initiated by lysosomal-damaging agents, oxidative stress, oxidized lipids, serum withdrawal, or Fas ligation (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) . Overexpression of Bcl-2 can inhibit induction of lysosomal damage by oxidative stress (43) . We have now studied whether p53-induced apoptosis involves early lysosomal rupture, the relationship between lysosomal and mitochondrial damage induced by p53, and dissection of these events by using different apoptosis inhibitors. In these studies we have used M1 myeloid leukemic cells transfected with the Val-135 temperature-sensitive p53 gene (M1-t-p53). These were also the cells used for the experiments that first showed induction of apoptosis by wild-type p53 (10) . These cells undergo apoptosis at 32°C when the p53 protein behaves like a wild-type p53, but not at 37°C when the p53 protein behaves like a mutant p53 (10) . The results of the present experiments indicate that p53 induces apoptosis by a lysosomalmitochondrial pathway initiated by lysosomal destabilization.
Materials and Methods
Chemicals. Recombinant human IL-6 was kindly provided by Steve Clark (Genetics Institute, Cambridge, MA) and used at a final concentration of 50 ng͞ml. The Ca 2ϩ mobilizing endoplasmic reticulum Ca 2ϩ -ATPase inhibitor thapsigargin (TG), the antioxidant butylated hydroxyanisole (BHA), and the protease inhibitor N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) were from Sigma and used at final concentrations of 10 nM, 80 M, and 1 M, respectively. The lysosomotropic fluorochromes used were acridine orange (AO; Gurr, London) and LysoTracker Red DND-99 (Molecular Probes, Eugene, OR, USA). The mitochondrial membrane potential marker used was tetramethyl-rhodamine ethyl ester (TMRE; Molecular Probes). Cell culture media and serum were from GIBCO.
Cells and Culture Conditions. M1 mouse myeloid leukemic cells, which do not express p53, were transfected with a plasmid containing a temperature-sensitive p53 [135 Ala 3 Val] (M1-t-p53) (10) . This p53 protein has a wild-type p53 conformation and activity at 32°C, but not at 37°C. The cells were grown in DMEM with 10% heat-inactivated (56°C, 30 min) horse serum in a humidified atmosphere (10% CO 2 ͞90% air) at 37°C. To induce apoptosis, cells were transferred from 37°C to 32°C (10) . The apoptosis inhibitors were added at the time of the transfer.
Lysosomal Integrity Assays. Three assays were used.
AO-relocation. Cells were exposed to an AO solution (5 g͞ml) in DMEM plus horse serum (complete medium) for 15 min at 37°C, rinsed in complete medium, and then cultured at 37°C or 32°C. Green cytosolic fluorescence of 10,000 cells per sample was determined by flow cytometry using the FL1 channel (FACScan; Becton Dickinson).
AO-uptake. After culture at 37°C or 32°C, cells were exposed to AO as above. Red lysosomal fluorescence of 10,000 cells per sample was determined by flow cytometry using the FL3 channel.
LysoTracker Red-uptake. The acidotropic dye LysoTracker Red DND-99 was diluted in DMEM. Cells were cultured at 37°C or Abbreviations: AO, acridine orange; BHA, butylated hydroxyanisole; TG, thapsigargin; TPCK, N-tosyl-L-phenylalanine chloromethyl ketone; TMRE, tetramethyl-rhodamine ethyl ester; PI, propidium iodide. † To whom reprint requests should be addressed. E-mail: yuan.ximing@inr.liu.se.
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32°C and resuspended in prewarmed (37°C) medium containing 50 nM LysoTracker Red for 30 min. Cells were then resuspended in fresh prewarmed medium, and red lysosomal fluorescence of 10,000 cells per sample was determined by flow cytometry using the FL3 channel.
CELLQUEST software was used to analyze all of the data from flow cytometric experiments.
Mitochondrial Membrane Potential. TMRE is a lipophilic and weakly acidic dye that acts as a voltage-sensitive probe and partitions to the negatively charged mitochondrial matrix. Decrease in the mitochondrial membrane potential, and thus the proton gradient over the membrane, is paralleled by a reduction of TMRE-induced fluorescence. Cells grown at 37°C or 32°C for 5-10 h were incubated with 20 nM TMRE for 30 min at room temperature and washed with PBS, and red mitochondrial fluorescence of 10,000 cells per sample was determined by flow cytometry by using the FL3 channel.
Cytochrome c Release and Western Blots. Cells were washed in PBS and pelleted by centrifugation at 800 ϫ g for 5 min. Pellets (10 7 cells) were resuspended in 150 l of Hepes-sucrose buffer [20 mM Hepes, pH 7.2͞5 mM MgCl 2 ͞10 mM KCl͞1 mM EDTA͞250 mM sucrose͞1 mM PMSF͞1 g/ml each of aprotinin, leupeptin and pepstatin (Sigma mixture)͞25 mM NaF͞1 mM sodium vanadate] and were permeabilized by adding 0.025% (vol͞vol) digitonin (Sigma). After 2 min at room temperature, cells were pelleted by centrifugation (12,000 ϫ g, 1 min, 4°C), and the supernatant was collected as the ''cytosolic'' fraction. Protein concentration was determined by using Bradford reagent (BioRad). Equal amounts of protein were mixed with Laemmli sample buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0.125 M Tris⅐HCl), heated at 95°C for 5 min and loaded on an 8% polyacrylamide-SDS gel. After electrophoresis, proteins were transferred to cellulose nitrate 0.2-m membranes (Schleicher & Schüll, Dassel, Germany). Loading equivalence and transfer efficiency were monitored by Ponceau S staining. The membranes were then incubated for 16 h at 4°C with monoclonal anti-mouse cytochrome c antibody (mAb 7H8.2C12, R & D Systems) followed by a 2-h incubation at room temperature with horseradish peroxidase-conjugated anti-mouse IgG antibodies (Sigma). Signals were developed by using the ECL kit (Amersham Pharmacia), and the membranes were exposed to x-ray film (Fuji) and developed.
Annexin V-Propidium Iodide Staining. Normal, apoptotic, and necrotic cells were distinguished by using the annexin V-propidium iodide (PI) kit according to the manufacturer's instruction (Roche Diagnostics). After washing in PBS, cells were resuspended for 10 min in the staining solution and analyzed by flow cytometry. The percentages of viable and dead cells were determined from 10,000 cells per sample, by using the FL1 channel for annexin V and the FL2 channel for PI.
Transmission Electron Microscopy. Cells grown at either 37°C or 32°C for 14 or 24 h were spun down, fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer with 0.1 M sucrose (4 h at room temperature), and postfixed in 1% OsO 4 in 0.1 M cacodylate buffer without sucrose (1 h at room temperature). After standard embedding in Epon-812, ultrathin sections were cut with a diamond knife and contrasted with uranyl acetate-lead citrate. The samples were viewed in a JEOL 1200 EX electron microscope operated at 80 kV. Micrographs were taken randomly from different sections of four cultures for each experimental condition.
Statistical Analysis. Results were expressed as the mean Ϯ SE. Statistically significant differences among groups were evaluated with the use of both ANOVA and Kruskal-Wallis tests. The Newman-Keuls test was used for post-ANOVA individual comparison of the means. P Ͻ 0.05 was considered statistically significant.
Results
Lysosomal Rupture Is an Early Event in p53-Induced Apoptosis. Transfer of M1-t-p53 cells from 37°C to 32°C, which induces wild-type p53 conformation and activity, resulted in apoptosis first detected after 8-10 h as measured on May-Grünwald-Giemsastained smears (10, 44) . To determine the effect of p53 activity on lysosomal stability, two lysosomotropic fluorescence probes, AO and LysoTracker Red, were used. The highly sensitive AO-relocation method detected release of AO from ruptured lysosomes to the cytosol, with resulting enhanced cellular green fluorescence, already at 5 h after transfer to 32°C (Fig. 1A) . The sensitivity of the AO-relocation method is due to the fact that AO is a metachromatic fluorophore that shows green fluorescence at low concentrations, in combination with the higher sensitivity of most photomultipliers to green than to red photons. The results from the highly sensitive AO-relocation method show that wild-type p53 initiates an early lysosomal destabilization pathway of apoptosis. Results from the less sensitive AO and LysoTracker Red-uptake methods, also demonstrated lysosomal rupture after 10 h at 32°C (Fig. 1 B and C) by showing increased numbers of ''pale cells'', i.e., cells with reduced numbers of AOand LysoTracker Red-accumulating lysosomes.
We have previously shown that induction of p53-induced apoptosis in M1-t-p53 cells can be inhibited by IL-6 and some other cytokines, by the calcium-mobilizing compound TG, the antioxidant BHA, and various protease inhibitors, including TPCK (2, 10, 18, 25, (44) (45) (46) (47) (48) . In view of the various modes of action of these apoptosis inhibitors, we examined their effects on lysosomal stability in p53-induced apoptosis. As shown in Fig.  1C , lysosomal rupture was completely inhibited by IL-6 after 10 h at the apoptosis-inducing temperature of 32°C. In contrast, the apoptosis inhibitors TG, TPCK, and BHA did not show a significant effect on p53-induced lysosomal rupture (Fig. 1C) .
Mitochondrial Damage Occurs After Lysosomal Rupture in p53-
Induced Apoptosis. Perturbations in mitochondrial function, involving a decrease in membrane potential (⌬⌿m) and cytochrome c release, are important events in apoptosis (27) (28) (29) . We determined whether p53-induced apoptosis in M1-t-p53 cells is also associated with changes in ⌬⌿m and release of cytochrome c and, if so, the temporal relationship of such changes to lysosomal rupture. At 5 h after transfer of cells from 37°C to 32°C, there was no significant decrease in ⌬⌿m. After 10 h at 32°C, a substantial increase in the number of cells with decreased ⌬⌿m (low mitochondrial uptake of TMRE) was detected (Fig.  2) . This change was almost completely inhibited by IL-6, and significantly inhibited by TPCK and BHA (Fig. 2B) . These results indicate that some oxidative mechanism as well as serine and cysteine proteases are involved in the p53-induced decrease of mitochondrial membrane potential. Although TG is an effective inhibitor of p53-induced apoptosis in M1-t-p53 cells (46, 47) , it did not significantly inhibit the ⌬⌿m decrease induced by p53 (Fig. 2B) .
Analysis of cytochrome c release from mitochondria to the cytosol showed only a weak release after 6-8 h at 32°C, and a very substantial release at 14 h and later (Fig. 3) . The release of cytochrome c after 14 h was completely inhibited by IL-6, almost completely by TG, and partly by TPCK, but was not inhibited by BHA (Fig. 3B) . The results indicate that IL-6 effectively inhibits all of the tested p53-induced changes in lysosomes and mitochondria, whereas the other apoptosis inhibitors inhibited changes only in mitochondria. The ability of BHA to inhibit p53-induced decrease in ⌬⌿m but not release of cytochrome c, and the ability of TG to inhibit release of cytochrome c but not the decrease in ⌬⌿m indicate that these apoptosis-associated mitochondrial events are separately regulated.
Apoptosis and Postapoptotic Necrosis After Lysosomal Rupture in
p53-Induced Apoptosis. By using May-Grünwald-Giemsa stained smears, the first morphologically detectable apoptotic cells appeared 8-10 h after transfer of M1-t-p53 cells from 37°C to 32°C. Further incubation at this permissive temperature resulted in accumulation of apoptotic cells that underwent secondary necrotic changes detected by trypan blue staining (44) . Analysis of apoptosis and necrosis by the combined Annexin V and PI staining showed no increase in apoptotic or necrotic cells above background levels 6 h after transfer to 32°C, but both apoptotic and necrotic cells were detected after 14 h (Fig. 4) . Electron microscopy showed that, after transfer from 37°C to 32°C, there were cells with enhanced autophagocytosis, nuclear capping of condensed chromatin, apoptotic bodies, and postapoptotic necrosis (Fig. 5) . The results indicate that p53-induced lysosomal rupture was eventually followed by apoptosis and postapoptotic necrosis.
Discussion
The present experiments indicate that p53-induced apoptosis involves early lysosomal destabilization and later mitochondrial damage, including the decrease of ⌬⌿m and release of cytochrome c. The findings indicate that p53-induced apoptosis involves a lysosomal-mitochondrial pathway in which lysosomal destabilization plays an initiating role. Lysosomes have been found to act as initiators of apoptosis after exposure to a variety of lysosomal damaging agents, suggesting that some lysosomal rupture may be a general event in apoptosis (reviewed in ref. 49 ). It has been suggested that lysosomes are rather stable organelles that break only when the cell is already dying for other reasons, but do not initiate cell damage by releasing hydrolytic enzymes into the cytosol. However, the present and other studies (31) (32) (33) (34) (35) (36) (37) have shown that lysosomes are vulnerable organelles that can have an early and initiating role in apoptosis. Some of these studies show that minor lysosomal rupture produces degenerative alterations that are rapidly and efficiently repaired by autophagocytotic processes (50) . This finding suggests that minor lysosomal leakage might be a rather common phenomenon, and not until lysosomal damage is substantial would cells be unable to survive (reviewed in ref. 49 ). The release of lysosomal enzymes may cause mitochondrial damage directly (51) or indirectly (39, 42, 51) , followed by cytochrome c release, apoptosome formation with Apaf-1, and caspase activation (Fig. 6 ). There may also be a direct activation of caspases by a lysosomal protease such as cathepsin B (52) .
Several proteases, such as granzyme B (53, 54) , cathepsins B and D (39, 41, 52, (55) (56) (57) , and caspases (58, 59) appear to be involved in apoptosis induced by various agents. In M1-t-p53 cells, induction of apoptosis by wild-type p53 can be inhibited by Most cells cultured at 37°C were in interphase (I), and there were a few mitotic figures (M). Cells cultured at 32°C showed apoptotic changes, including autophagocytotic vacuoles (short arrows), nuclear capping of condensed chromatin (long arrows), chromatin condensation along nuclear membranes ‫,)ء(‬ condensed-fragmented nuclei (F), and apoptotic bodies (arrow heads). At 24 h, many cells showed postapoptotic necrosis ‫.)ءء(‬ the cathepsin B inhibitor benzyloxycarbonyl-Phe-Ala-fluoromethyl ketone (Z-FAfmk) and by some other protease inhibitors including TPCK, but not by the cathepsin D inhibitor pepstatin A or some other protease inhibitors including N ␣ -p-tosyl-L-lysine chloromethyl ketone (45) . Apoptosis suppression by Z-FAfmk and TPCK is upstream of caspase activation (48) . Our present findings that the protease inhibitor TPCK inhibits p53-induced decrease of mitochondrial membrane potential and cytochrome c release places the role of certain serine and͞or cysteine proteases upstream of mitochondrial damage in the p53-induced apoptosis pathway (Fig. 6) . Such serine and͞or cysteine proteases may serve as important mediators linking early lysosomal alterations to the mitochondrial pathway in p53-induced apoptosis. The relocation of cytochrome c, Smac͞Diablo, and apoptosis-inducing factor (AIF) to the cytosol has been considered a basic event in apoptosis that is followed by caspase activation and apoptotic cell death (27) (28) (29) . The present results indicate that p53 activation induces an early lysosomal destabilization, before the decrease of mitochondrial membrane potential and cytochrome c release. The mitochondrial damage is then followed by apoptosis and postapoptotic necrosis.
M1-t-p53 cells do not show an early increase in cellular H 2 O 2 production or lipid peroxidation before apoptosis, and no decrease is found in these properties in cells protected from apoptosis by IL-6 (44). However, p53-mediated apoptosis is enhanced by H 2 O 2 and is inhibited by various antioxidants, indicating that the intrinsic degree of cellular oxidative stress can regulate p53-induced apoptosis (44) . The present study indicates that, although the antioxidant BHA inhibited p53-induced decrease in mitochondrial membrane potential, it did not inhibit lysosomal alterations, nor did it inhibit p53-induced mitochondrial cytochrome c release. BHA, therefore, acts upstream of caspase activation by blocking some p53-induced mitochondrial damage (Fig. 6) .
Cytokines can decrease apoptosis in cancer cells, and the inhibition of cytokine activity may improve cancer therapy by enhancing apoptosis (2, 8, 18) . We have previously shown that the cytokine IL-6 can completely inhibit p53-induced apoptosis (2, 8, 9, 18, 25, (44) (45) (46) 48) and that calcium-mobilizing compounds such as TG also effectively inhibit apoptosis by a calcineurin-dependent pathway (18, 46, 47) . Our present results show that IL-6 inhibits p53-induced lysosomal damage that leads to mitochondrial damage, whereas TG, TPCK, and BHA inhibit some mitochondrial damage but not lysosomal damage. TG did not inhibit p53-induced decrease in mitochondrial membrane potential, but effectively inhibits cytochrome c release from mitochondria. TG also effectively inhibits the resulting caspase activation and apoptosis (18, 46, 47) . The results thus show that, although IL-6, TG, TPCK, and BHA inhibit p53-induced apoptosis upstream of caspase activation (18, (45) (46) (47) , they have distinct abilities to inhibit different changes in the integrity of lysosomes and mitochondria (Fig. 6 ).
p53 has a central role in apoptotic processes involved in several disorders, including neurodegenerative, autoimmune, and inflammatory diseases and malignancies. Our findings that p53 induces apoptosis initiated by lysosomal destabilization can help to formulate new therapies for these disorders. Model of the lysosomal-mitochondrial pathway in p53-induced apoptosis and differential inhibition of various stages by different apoptosis inhibitors. There may be a direct activation of caspases by enzymes released from lysosomes. Inhibition of lysosomal damage by IL-6 also inhibits the initiation of this process. Cyt. c, cytochrome c. Arrow indicates pathway, Ќ, inhibition of pathway, and ϫ, pathway not inhibited. The width of Ќ indicates the degree of inhibition.
